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Abstract: We present a computational study on the optical manipulation of anisotropic gold
nanoparticles, rods, and disks in aqueous environments using ultrashort pulsed photonic nanojets
and photonic hooks. Using three-dimensional finite-difference time-domain simulations and
analytical models of anisotropic polarizability, we analyze how shape, orientation, and surrounding
medium influence the optical force landscape. Our results show that deviations from spherical
particle geometry introduce strong orientation dependence, with optical forces varying by up to a
factor of 5-10 across particle orientations and structured-field configurations. In particular, force
minima emerge at intermediate tilt angles due to destructive coupling between polarizability axes.
We also demonstrate that the surrounding medium significantly alters field confinement and force
magnitude, with water enhancing field localization and modifying the dominant particle geometry.
These findings provide design guidelines for structured-light-based nanoparticle manipulation,
particularly for applications in nanomedicine, sensing, and fabrication, where real-world particles
are non-spherical and operate in aqueous conditions.
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1. Introduction

Optical manipulation, the use of light to exert forces on matter, has transformed how researchers
probe and control microscopic systems and has enabled key advances in biomedical research,
targeted drug delivery, and nanoscale assembly. While optical tweezers offer precise control
over micron-scale objects using tightly focused beams [1], their effectiveness declines at the
nanoscale due to the rapid decrease of optical force with particle volume and the diffraction limit
[2,3]. Manipulating subwavelength particles such as proteins, viruses, and metal nanoparticles
requires auxiliary structures that generate strongly confined optical fields. Stable trapping in
aqueous media is further challenged by Brownian motion and weak confinement, particularly in
the Rayleigh regime [4].

Near-field optical techniques, including plasmonic tweezers and photonic crystal resonators,
overcome the diffraction limit by leveraging strong field enhancement [5–15]. However, their
reliance on high-intensity continuous wave illumination can cause excessive photothermal
heating, limiting their compatibility with biological samples [16]. Metamaterial-based optical
tweezers offer advanced beam shaping and subwavelength confinement [17], but their complex
fabrication and limited thermal robustness, especially in aqueous environments, hinder widespread
application.

To address these limitations, alternative strategies have focused on reducing thermal load
while maintaining effective optical trapping. Among them, pulsed illumination has emerged as
a promising approach: by allowing thermal relaxation between pulses, it mitigates cumulative
heating and reduces damage to sensitive samples [18–20].
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In parallel, all-dielectric systems based on photonic nanojets (PNJs) have gained attention for
their ability to confine light below the wavelength. PNJs are highly focused beams generated
by dielectric microspheres or microcylinders that can trap and manipulate nanoparticles in a
label-free and fabrication-friendly manner [21–26]. Their compatibility with pulsed sources and
their ability to produce intense optical hotspots make them particularly attractive for thermally
sensitive biological applications. Furthermore, when the symmetry of the illumination is broken,
such as by partially obstructing the beam with a metallic structure, the beam curves into a
photonic hook (PH), enabling directional control over nanoparticle motion [27].

In this study, we investigate optical manipulation of gold nanospheres, rods, and disks using
PNJs and PHs formed by a dielectric microcylinder with and without an obstructing metallic
plate, as seen in Fig. 1. We employ pulsed excitation with 100 femtosecond pulses spaced by 10
nanoseconds to ensure strong forces while minimizing thermal effects.

Fig. 1. Artistic illustration of the studied system. A pulsed excitation illuminates a dielectric
microcylinder immersed in water, generating a photonic nanojet. If a metallic plate were
added to partially obstruct the illumination, the field distribution would bend into a photonic
hook. The structured light interacts with anisotropic gold nanoparticles (rods and disks),
which are the focus of this study.

Nonspherical nanoparticles introduce intrinsic anisotropy, giving rise to orientation-dependent
optical responses. Experimental work with dual-beam optical tweezers has shown that the
alignment of nanorods significantly influences optical interactions and enables patterned assembly
[28]. The anisotropic polarizability of gold nanorods has been well characterized in both
single-particle and ensemble systems, revealing enhanced coupling to polarized fields and
orientation-sensitive trapping behavior [29–31]. Even small deviations from spherical symmetry
can significantly alter how particles couple to structured fields, yet the role of geometry and tilt
in modulating optical forces remains underexplored.

We use full three-dimensional finite-difference time-domain (FDTD) simulations to compute
the spatiotemporal electromagnetic fields and evaluate the optical forces using the electric dipole
approximation. We analyze how particle geometry, orientation, and surrounding medium (air
versus water) influence the optical force landscape. Our results show that rods and disks exhibit
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strongly orientation-dependent behavior governed by the projection of anisotropic polarizability
onto spatially structured fields.

This work establishes a computational framework for modeling optical manipulation of
anisotropic nanoparticles in aqueous environments. It provides design insights for structured-
light systems in biomedical, sensing, and nanofabrication contexts, particularly where geometric,
thermal, and fluidic constraints must be addressed jointly.

2. Methods

Our system is illuminated by a pulsed light source centered at a wavelength of 550 nm. This
wavelength was selected to optimize the optical forces on gold nanoparticles in water, as the
imaginary part of their polarizability, responsible for scattering forces, peaks near this value
for 25 nm radius spheres. The electromagnetic fields are simulated using the finite-difference
time-domain (FDTD) method in Ansys Lumerical, with perfectly matched layer (PML) boundary
conditions applied to suppress reflections at the simulation boundaries. The scattered field
formulation is employed, where a plane wave propagates along the x-axis and the electric field is
polarized along the y-axis. All simulations are performed in three dimensions.

The dielectric micro-cylinder has a radius of 1 µm, a height of 2 µm, and a refractive index of
1.6, corresponding to SU-8 photoresist for its ease of fabrication, as described in Ref. [32]. The
metallic plate is modeled as a perfect electric conductor (PEC) with dimensions of 0.5 µm in
width, 1.5 µm in length, and 2 µm in height.

The system is illuminated by an unchirped Gaussian pulse with a full width at half maximum
(FWHM) duration of 100 fs, corresponding to a spectral bandwidth of approximately 4.4 THz
at a central wavelength of 550 nm. A temporal offset of 300 fs is applied to ensure the pulse
is fully contained within the simulation window. A mesh size of 0.01 µm is used along the
x- and y-directions to ensure accurate spatial resolution, and a field-time monitor is used to
record the temporal evolution of the electromagnetic fields. The incident field amplitude is set
to 2 MV/m to represent the pulsed illumination. Although the electromagnetic response of the
system is linear, the simulations are performed fully in the time domain using a femtosecond
pulse excitation. Optical forces are calculated from the instantaneous fields and integrated over
the pulse duration, yielding an impulsive force rather than a time-averaged CW force.

We illuminate gold nanoparticles of different geometries, spheres, rods, and disks, under pulsed
light. The optical forces acting on the nanoparticles are calculated within the electric dipole
approximation, as their dimensions are much smaller than the incident wavelength (λ0 = 550 nm).
The spherical nanoparticle has a radius of R = 25 nm. The disk-shaped particle is designed with
a radius larger than its height, specifically R = 25 nm and h = 5 nm. The rod-shaped particle is
modeled with R = 5 nm and h = 50 nm. The optical force acting on a subwavelength particle in
the dipole approximation is given by

F⃗(t) = (p⃗ · ∇)E⃗(t) + ̇⃗p(t) × B⃗(t), (1)

where p⃗ is the electric dipole moment of the particle, ̇⃗p is its time derivative, and E⃗ and B⃗ are the
local electric and magnetic fields, respectively. The time dependence of the fields includes rapid
oscillations at the carrier frequency ω0 = 2πc/λ0, where c is the speed of light in vacuum and λ0
is the illumination wavelength.

In our simulations, we compute the optical force using the full time-resolved field data generated
by a single ultrashort pulse. The electric dipole moment is given by

p⃗(t) = α(ω0)E⃗(t), (2)

where α = α′ + iα′′ is the complex polarizability, with α′ representing the dispersive component
and α′′ the absorptive component. Since the pulse has a narrow spectral bandwidth, we treat α
as frequency-independent.
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To extract the net optical effect, we integrate the force over the pulse duration. For reference,
in the case of a harmonic field E⃗(t) = E⃗0(r⃗)eik⃗ ·r⃗, the time-averaged force separates into gradient
and scattering contributions:

⟨F⃗⟩ =
α′
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The first term corresponds to the gradient force,

F⃗grad =
α′

4
∇|E⃗0 |

2, (4)

which attracts the particle toward regions of high field intensity.
The second term is the scattering force,

F⃗scat =
α

2
|E⃗0 |

2k⃗, (5)

which pushes the particle along the direction of light propagation due to momentum transfer.
The complex polarizability α of a nanoparticle includes the radiation correction due to

scattering losses, as described by Draine’s formulation [33]:

α =
α0

1 − ik0
3α0/(6πε0)

, (6)

where k0 = 2π/λ0 is the free-space wavenumber, and α0 is the static polarizability. For a spherical
particle, α0 is given by the Clausius–Mossotti relation [34]:

α0 = 3Vε0
εp − εm

εp + 2εm
, (7)

where V is the particle volume, and εp, εm, and ε0 are the permittivities of the particle, surrounding
medium, and free space, respectively. For small particles such as those used in our study, the
quasistatic approximation α ≈ α0 is generally sufficient.

For non-spherical particles, such as rods and disks, the polarizability becomes anisotropic
and depends on the direction of the applied field. The polarizability component along the i-th
principal axis of an ellipsoid is [35]:

αi = Vε0
εp − εm

εm + Ni(εp − εm)
, (8)

where Ni is the depolarization factor along that axis. These factors depend solely on the particle
geometry and satisfy Nx + Ny + Nz = 1.

Assuming the ellipsoid has semi-axes ax, ay, and az, the depolarization factor in the i-th
direction is defined as:

Ni =
axayaz

2

∫ ∞

0

ds

(s + ai2)
√︂
(s + ax2)(s + ay2)(s + az2)

. (9)

In our study, we consider rotationally symmetric cylindrical particles: disks (oblate cylinders)
and rods (prolate cylinders), each with uniaxial symmetry. For such particles, the polarizability
splits into axial (αz) and transverse (αt) components. Using the limiting formulas for high-aspect-
ratio cylinders [35], we write:
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For rods:
αz = Vε0

εp − εm

εm
, αt = 2Vε0

εp − εm

εp + εm
, (10)

For disks:
αz = Vε0

εp − εm

εp
, αt = Vε0

εp − εm

εm
. (11)

When the particle is tilted at an angle θ with respect to the electric field direction, the effective
polarizability becomes:

αeff = αz cos2 θ + αt sin2 θ, (12)

which allows us to model orientation-dependent force responses for anisotropic particles.
The dielectric constants of gold and water at a wavelength of 550 nm were obtained from

experimental data: for gold from Johnson and Christy [36], and for water from Hale and Querry
[37].

Gold nanoparticles absorb optical energy and can undergo transient heating under pulsed
illumination. To quantify the temperature rise associated with the electromagnetic fields used in
this work, we evaluate the per-pulse lattice temperature increase directly from the time-resolved
FDTD fields.

At each spatial point in the monitor plane, the instantaneous intensity is evaluated as [38]

I(r, t) =
1
2

n ε0 c |E(r, t)|2, (13)

where n is the refractive index of the background medium. The local fluence per pulse is obtained
by time integration,

F(r) =
∫

I(r, t) dt. (14)

The absorbed energy per pulse is estimated using an absorption cross-section formalism [38],

Eabs(r) = σabs F(r), (15)

and the corresponding per-pulse nanoparticle temperature rise is [38,39]

∆T(r) = Eabs(r)
ρCp V

, V =
4
3
πR3. (16)

Here R is the nanoparticle radius, ρ is the gold density, and Cp is the gold heat capacity.
The methodology described above enables precise calculation of the time-dependent optical

forces acting on anisotropic nanoparticles illuminated by pulsed photonic nanojets and photonic
hooks. In the following section, we present the computed field distributions and force maps, and
analyze how particle shape, orientation, and medium influence the optical force response.

Closed-form expressions do not exist for the electrostatic polarizability of circular cylinders;
it is typically computed numerically [35]. Importantly, the cylinder’s polarizability is very
close to that of a spheroid with the same permittivity contrast and length-to-diameter ratio,
with errors better than ∼1% across aspect ratios [35]. Thus, using ellipsoidal depolarization
factors, and their high-aspect-ratio limits, for rods (prolate) and disks (oblate) is a standard and
accurate approximation for cylinders. In the ellipsoidal picture the special limits are well defined
(disk: N = {1, 0, 0}; needle: N = {0, 1

2 , 1
2 }), which we exploit to construct the axial/transverse

components used in Eqs. (10) and 11. For our geometries (rod h/r ≫ 1, disk h/r ≪ 1), the
parameters fall within these asymptotic regimes; any residual cylinder vs. spheroid discrepancy
mainly introduces a weak overall scale factor and does not modify the observed angular trends.
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3. Results and discussion

Figure 2 shows the electric field magnitude |E | generated by a dielectric micro-cylinder under
pulsed illumination, comparing photonic nanojets (PNJs) and photonic hooks (PHs) in air and
water. When transitioning from air to water, the dielectric cylinder geometry and material
refractive index are kept fixed, and only the surrounding medium refractive index is varied,
enabling a direct comparison under different refractive index contrasts.

Fig. 2. Electric field magnitude |E | under pulsed illumination at 550 nm: (a) Schematic
illustrating the FDTD simulation geometry, including the dielectric cylinder, illumination
direction (k), electric field polarization (E), and coordinate axes (x, y, z) (b) photonic nanojet
in air, (c) photonic nanojet in water, (d) photonic hook in air, (e) photonic hook in water.
The dashed circle marks the cylinder boundary; the black rectangle in (d,e) indicates the
metallic plate.

In the absence of the metallic plate (top row), a symmetric PNJ forms in front of the cylinder.
The PNJ is narrower and more intense in water [Fig. 2(c)] than in air [Fig. 2(b)], due to the
index ratio between the cylinder and the surrounding medium moving closer to the range of
approximately 1.2–2 that maximizes near-field focusing in dielectric microcylinders [22]. The
transverse confinement of the photonic nanojet was quantified using the FWHM of the intensity
profile, defined as I ∝ |E |2 and evaluated at the location of maximum intensity. For an illumination
wavelength of λ = 550 nm, the PNJ exhibits a FWHM of 0.758 µm in air and 0.429 µm in water.
These correspond to approximately 1.38 λ and 0.78 λ, respectively.

Introducing a metallic plate (bottom row) breaks the field symmetry and generates a photonic
hook. In air [Fig. 2(d)], the hook appears more distorted and spatially spread. In contrast, the
hook in water [Fig. 2(e)] is sharper, with a higher peak intensity and more confined curvature.
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These differences arise from the combined effect of the surrounding refractive index and the
boundary conditions imposed by the obstruction. It should be emphasized that the photonic hook
represents a locally curved intensity maximum rather than a global beam deflection; momentum
conservation is preserved by counter-propagating field components elsewhere in the illumination,
and only the region of maximum curvature is relevant for optical force generation.

Thermal effects scale with optical intensity, therefore we quantify nanoparticle heating for the
aqueous configurations that yield the highest local field enhancement, namely a PNJ and PH in
water (Fig. 2). These two cases bracket the maximum heating observed across all simulations
and therefore provide a conservative assessment of thermal effects under the pulse parameters
used in this work.

Figure 3 summarizes the corresponding thermal analysis. Panels (a) and (c) show spatial
maps of the temperature increase per pulse of nanoparticle ∆T(x, y) for PNJ and PH in water
configurations, respectively, computed directly from the time-resolved FDTD fields. Panels (b)
and (d) show ∆T(x) extracted along a horizontal cut passing through the global maximum of ∆T
in each case.

Fig. 3. Nanoparticle temperature rise per pulse calculated from the time-resolved FDTD
fields for photonic nanojet (PNJ) and photonic hook (PH) configurations in water. (a)
Spatial map of the per-pulse temperature rise ∆T(x, y) for a PNJ in water; the white line
indicates the horizontal cut through the thermal maximum. (b) Corresponding ∆T(x)
profile along the hotspot cut for the PNJ case. (c) Spatial map of ∆T(x, y) for a PH in
water, with the hotspot cut indicated. (d) Corresponding ∆T(x) profile for the PH case.
The PNJ-in-water configuration yields the highest per-pulse temperature rise among all
simulated cases, ∆Tmax = 1.10 × 10−1 K, while the PH-in-water configuration reaches
∆Tmax = 3.95 × 10−2 K.

For the PNJ in water configuration [Fig. 3(a,b)], which yields the highest heating among all
simulated cases, the maximum per-pulse temperature rise is ∆Tmax = 1.10 × 10−1 K. For the PH
in water configuration [Fig. 3(c,d)], the corresponding maximum is lower, ∆Tmax = 3.95×10−2 K,
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reflecting the reduced peak intensity and increased spatial spreading of the photonic hook relative
to the nanojet.

Using ρ = 19300 kg/m3, Cp = 129 J/(kg K), and a particle radius of R = 25 nm, the gold
nanosphere thermal capacity is

Cth = ρCpV ≈ 1.63 × 10−16 J/K, (17)

which implies a peak absorbed energy per pulse of

Eabs,max = Cth∆Tmax ≈ 1.79 × 10−17 J (18)

for the worst case - PNJ in water configuration. At a repetition rate of frep = 100 MHz, the
corresponding average absorbed power is

Pabs ≈ Eabs,maxfrep ≈ 1.8 × 10−9 W. (19)

To justify the lumped-temperature approximation implicit in Eq. (16), we evaluate the Biot
number, which compares internal heat conduction within the particle to heat transfer across its
boundary. Approximating the interfacial heat transfer coefficient as h ∼ km/R for conduction
into a surrounding medium of thermal conductivity km, and using the characteristic length
Lc = V/A = R/3 for a sphere, we obtain [40]

Bi ≈
hLc
kAu

≈
km

3kAu
. (20)

For water, with km ≈ 0.61 W/(m K) and kAu ≈ 320 W/(m K), this yields Bi ≈ 6.3×10−4 ≪ 0.1,
confirming that the nanoparticle remains internally isothermal during heating and cooling.

We further estimate the conduction-limited cooling time of a spherical nanoparticle in a
surrounding medium as [39]

τnp ∼
ρCpR2

3km
. (21)

For R = 25 nm in water, τnp ≈ 8.6× 10−10 s, which is more than an order of magnitude shorter
than the interpulse separation of 10 ns at 100 MHz. A conservative bound on steady-state heating
in water is therefore

∆Tss ∼
Pabs

4πkmR
≈ 9.5 × 10−3 K, (22)

indicating negligible thermal accumulation under the studied conditions.
This analysis provides a quantitative upper bound on both per-pulse and cumulative nanoparticle

heating implied by the electromagnetic fields used in this work. Under the investigated pulse
parameters, thermo-driven effects such as vapor bubble formation, convection, or thermophoresis
are therefore not expected to dominate the observed nanoparticle dynamics. A fully coupled
thermo-fluidic treatment is beyond the scope of the present study.

Having established that thermal effects remain negligible, we now examine the resulting optical
forces on nanoparticles of different geometries. Figure 4 shows the calculated optical force
magnitude on a sphere, disk, and rod placed in the photonic hook field, in air (top row) and water
(bottom row).

In both environments, the optical impulse distribution depends strongly on particle geometry.
In air [Fig. 4(a-c)], the sphere exhibits the largest and most localized impulse near the photonic
hook trajectory. The rod shows a weaker, more spatially distributed impulse pattern, while the
disk yields the smallest response across the plotted region. In water [Fig. 4(d-f)], the impulse
becomes markedly stronger and more confined, and the sphere again produces the dominant
field. The disk shows a moderate increase relative to air but remains substantially weaker than
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Fig. 4. Optical force magnitude acting on nanoparticles of different geometries under
photonic hook illumination. (a–c) Force distributions in air for a sphere, disk, and rod,
respectively. (d–f) Corresponding force distributions in water. In both media, all particles
have identical volume. The color scale shows the time-integrated optical force (impulse),
I =

∫
F(t) dt, corresponding to the momentum transfer per pulse.

the sphere, and the rod exhibits the weakest impulse response in water. Overall, Fig. 4 indicates
that, for the parameters used here, the spherical particle couples most efficiently to the PH field
in both media, while anisotropic shapes (disk and rod) produce weaker impulse transfer and
more fragmented spatial patterns. This highlights that geometry and surrounding medium jointly
control not only the magnitude but also the spatial localization and directionality of momentum
transfer per pulse under structured illumination.

Unlike spheres, the anisotropic geometry of rods and disks results in orientation-dependent
optical behavior, where both the magnitude and direction of the optical force can vary significantly
with the particle’s tilt relative to the incident electric field. To investigate this effect, we analyze
the optical force magnitude acting on disk- and rod-shaped gold nanoparticles under both PNJ
and PH illumination in water, as a function of their orientation angle.

Figure 5 shows the force distributions under PH illumination. The top row illustrates the optical
force magnitude on a disk at θ = 0◦, 45◦, and 90◦. At θ = 0◦, the electric field is aligned with the
disk’s axial (thickness) direction, which exhibits weak polarizability, resulting in minimal optical
force. As the tilt angle increases, the projection of the more strongly polarizable transverse axis
onto the electric field becomes more significant, leading to a monotonic increase in force that
peaks at θ = 90◦.

The bottom row shows the corresponding force distributions for a rod. At θ = 0◦, the rod’s long
axis is aligned with the electric field, maximizing coupling to its dominant axial polarizability
and resulting in the strongest optical force. Although the global incident polarization is along ŷ,
the local electric field in the photonic hook region is highly nonuniform and exhibits substantial x̂-
and ẑ-components due to beam curvature and focusing. The dominant local field near the particle
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Fig. 5. Orientation dependence of optical forces under photonic hook illumination in
water. (a–c) Optical force magnitude on a disk-shaped nanoparticle at θ = 0◦, 45◦, and
90◦, respectively. (d–f) Corresponding force distributions for a rod-shaped nanoparticle
at the same tilt angles. The color scale shows the time-integrated optical force (impulse),
I =

∫
F(t) dt, corresponding to the momentum transfer per pulse.

is tilted toward ẑ, so when the rod is oriented along ẑ (θ = 0◦), it couples most efficiently to this
high-intensity region, yielding the strongest optical force despite the nominal ŷ-polarization of
the incident beam. At θ = 45◦, the field is equally projected onto both the strong axial and weak
transverse directions, leading to a minimum in force due to polarizability dilution. At θ = 90◦,
the transverse face aligns with the field, restoring some force but not reaching the level observed
at θ = 0◦.

The force minima observed at intermediate particle orientations in Fig. 5 arise from the angular
projection of the anisotropic polarizability tensor onto the local electromagnetic field. For rods
and disks, the induced dipole moment is governed by longitudinal and transverse polarizabilities,
whose relative contributions vary with orientation. At intermediate angles, neither component is
maximally aligned with the dominant field direction, leading to a reduced effective polarizability
and a minimum in the optical force.

To compare with the symmetric field configuration, we examine the same particle orientations
under PNJ illumination. Figure 6 shows the force distributions for disk- and rod-shaped
nanoparticles in water at θ = 0◦, 45◦, and 90◦. The disk again shows a monotonic increase in
force with tilt angle, reaching a maximum when the transverse face is aligned with the electric
field at θ = 90◦. The rod exhibits its highest force at θ = 0◦, followed by a sharp decrease at
θ = 45◦ due to polarizability dilution, and a partial recovery at θ = 90◦. Compared to the PH
case, the PNJ produces stronger and more symmetric force distributions, especially for the rod at
small tilt angles, owing to the spatial uniformity of the structured field.

To further quantify the orientation dependence, we extract the maximum optical force magnitude
as a function of tilt angle θ for disk- and rod-shaped nanoparticles in water under both PNJ and
PH illumination. Figure 7 presents the results, with solid lines representing PNJ and dashed
lines representing PH. For the disk (blue curves), the optical force is minimal at θ = 30◦, where
the electric field is neither fully aligned with the weak axial direction nor fully projected onto
the highly polarizable transverse face. As the tilt increases beyond this point, the transverse
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Fig. 6. Orientation dependence of optical forces under photonic nanojet illumination in
water. (a–c) Optical force magnitude on a disk-shaped nanoparticle at θ = 0◦, 45◦, and 90◦,
respectively. (d–f) Corresponding force distributions for a rod-shaped nanoparticle. The
color scale shows the time-integrated optical force (impulse), I =

∫
F(t) dt, corresponding to

the momentum transfer per pulse

component dominates, leading to a steady rise in force that peaks at θ = 90◦ when the flat face
aligns with the field. For the rod (orange curves), the force is maximal at θ = 0◦, where the
long axis aligns with the electric field and the strong axial polarizability dominates. As the tilt
increases, the field projects across both strong and weak axes. At θ = 45◦, the rod exhibits a
minimum in force due to polarizability dilution, where the effective interaction is split between
orthogonal directions. Beyond this angle, the transverse axis increasingly contributes, and the
force rises again toward θ = 90◦. The force minima observed at intermediate orientations are
expected, as the phase and amplitude of scattering and absorption by anisotropic particles are
inherently angle-dependent, leading to reduced coupling between the incident field and specific
polarizability components at certain orientations. In addition, PNJ consistently yields stronger
optical forces than PH across all angles and geometries. This difference arises from the PNJ’s
higher intensity and tighter field confinement compared to the broader, curved profile of the PH.
These results emphasize how both field structure and particle orientation interact to determine
the optical force landscape for anisotropic nanoparticles.

To better understand the orientation-dependent trends in optical force, we examine the effective
complex polarizability of the nanoparticles as a function of tilt angle. Figure 8 shows the real (α′)
and imaginary (α′′) parts of the effective polarizability αeff for rod- and disk-shaped particles in
water, obtained by projecting their anisotropic polarizability tensors onto the incident electric
field. The gradient force, governed by α′, dictates the angular dependence and the consistently
stronger PNJ response compared to PH. The scattering contribution, governed by α′′, primarily
adjusts the force magnitude without altering the angular extrema. This separation is evident in
Fig. 8, where variations in α′ with tilt correspond closely to the maxima and minima observed in
Fig. 7.

As described in Eq. (3), the real part α′ governs the gradient force, which draws particles
toward regions of high field intensity, while the imaginary part α′′ governs the scattering force,
associated with momentum transfer along the propagation direction.
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Fig. 7. Maximum optical force magnitude versus orientation angle θ under PNJ and PH
illumination in water. Solid lines: PNJ. Dashed lines: PH. Orange: rod-shaped nanoparticle.
Blue: disk-shaped nanoparticle.

For the disk (blue curves), α′ decreases monotonically with increasing tilt, becoming more
negative as the field projection shifts from the weak axial direction to the strongly polarizable
transverse face. α′′ increases gradually with tilt, reflecting stronger absorption and energy
dissipation. However, despite these monotonic trends in polarizability, the optical force shows
a non-monotonic dependence (Fig. 7). Specifically, the force first decreases from 0◦ to 30◦,
reaching a local minimum, and only then begins to rise toward a maximum at 90◦. While
polarizability plays a central role, the spatial structure and gradients of the field also influence
the force profile, especially under structured illumination like PNJs and PHs, where the field
distribution varies across the particle’s extent.

For the rod (orange curves), α′ exhibits a non-monotonic behavior: it is strongly negative at
θ = 0◦, crosses zero near θ = 45◦, and becomes increasingly positive at higher angles. This
behavior aligns with the force minimum at θ = 45◦ in Fig. 7, corresponding to a condition where
the electric field couples equally to both strong and weak polarizability axes. This results in
destructive interference and reduced net coupling. Meanwhile, α′′ varies only modestly with tilt
and plays a secondary role, modulating the magnitude of the scattering force without altering the
overall trend.

At E0 = 2 MV m−1, the corresponding peak intensity is Ipeak =
1
2cε0E2

0 ≈ 5.3 × 109 W cm−2

and an average power of ∼ 5 mW for 100 fs pulses at a 100 MHz repetition rate, assuming a
beam area of 10 µm2. Under these illumination conditions, the peak optical forces per pulse
reach 1.5 × 10−13 N (sphere, r = 25 nm), 1.4 × 10−13 N (rod, 0◦), and 2.5 × 10−14 N (disk,
0◦). For reference, normalizing the peak forces to the time-averaged local optical intensity at
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Fig. 8. Effective polarizability αeff as a function of orientation angle θ for disk (blue) and
rod (orange) nanoparticles in water. Solid lines: real part α′. Dashed lines: imaginary part
α′′.

the particle position yields an effective force-to-power ratio on the order of 102–103 pN/W,
comparable to values reported for near-field and plasmonic optical manipulation schemes, while
operating at sub-microwatt average powers. Considering the viscous drag for motion in water
at v = 1 µm s−1 is Fdrag = γv, with γ = 6πηreff and η = 10−3 Pa·s. Using reff = 25 nm
yields Fdrag ≈ 4.7 × 10−16 N, so the instantaneous optical force during a pulse exceeds the drag
benchmark by factors of ∼ 60–320 (geometry dependent).

The force calculations are evaluated at fixed particle orientations and are not intended to
represent long-time rotational equilibrium. Instead, the force-angle dependence characterizes
how the instantaneous translational optical force varies with particle orientation under structured
pulsed illumination. In practice, anisotropic particles may rotate between pulses or during
extended exposure, but the present analysis isolates the orientation-dependent force response
itself, which is a prerequisite for any coupled force-torque or dynamical treatment.

Compared to continuous-wave illumination, ultrashort-pulse excitation provides strong in-
stantaneous field gradients that enhance the gradient-to-scattering force ratio while minimizing
cumulative heating. The 10 ns separation between consecutive 100 MHz pulses far exceeds
the nanoparticle cooling time (tens to hundreds of picoseconds [18,20]), enabling full thermal
relaxation. This approach is advantageous for thermally sensitive or aqueous systems and supports
potential applications in pulsed optical trapping, directed nanoparticle transport, and ultrafast
laser nanoprinting.
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Each pulse transfers an impulse Jopt ≈ Fmaxτeff , where τeff = TFWHM
√︁
π/(4 ln 2) ≈ 1.06 ×

10−13 s for a 100 fs Gaussian. This gives Jopt ∼ (0.3–1.6) × 10−26 N·s across our geometries.
The Brownian impulse over the same interval, JB =

√︁
2kBT γ ∆t with ∆t = 100 fs, is ∼

(6 ± 1) × 10−22 N·s, i.e., four orders of magnitude larger. A single ultrashort pulse therefore
cannot deterministically translate a nanoparticle; instead, it biases the stochastic motion (Table 1).

Table 1. Maximum instantaneous optical forces Fmax at E0 = 2 MV m−1 under pulsed illumination
(100 fs) for representative geometry–orientation pairs. Viscous drag benchmark in water at

v = 1 µm s−1 is Fdrag = γv ≈ 0.47 fN (using reff = 25 nm)

Particle / Field Orientation Fmax [fN] Factor over Fdrag

Sphere (PH) – 215 ∼ 460

Sphere (PNJ) – 379 ∼ 800

Rod (PH) 0◦ 139 ∼ 300

Rod (PNJ) 0◦ 346 ∼ 740

Disk (PH) 90◦ 87.3 ∼ 190

Disk (PNJ) 90◦ 217 ∼ 460

For a pulse train, the bias accumulates: the cycle-averaged force is ⟨F⟩ = f Jopt, and the mean
drift velocity is v = ⟨F⟩/γ. At E0 = 2 MV m−1 and f = 100 MHz, the drift is only a few nm s−1

in water, so short-time trajectories appear diffusion-dominated. Because Fmax and Jopt scale
as E2

0, the drift increases quadratically with field amplitude and linearly with repetition rate;
operating at higher E0 and/or f provides a practical route to measurable bias while retaining a
low duty cycle.

4. Conclusions

We presented a comprehensive computational study of optical forces on spherical and anisotropic
gold nanoparticles, rods and disks, illuminated by ultrashort pulsed photonic nanojets (PNJs) and
photonic hooks (PHs). Using full 3D FDTD simulations and analytical modeling of anisotropic
polarizability, we evaluated how particle shape, orientation, and surrounding medium govern the
optical force landscape.

Our results show that non-spherical particles exhibit sharp orientation-dependent behavior,
driven by their anisotropic polarizability. For rods, the optical force peaks at θ = 0◦ when the
long axis aligns with the electric field and drops sharply at θ = 45◦ due to polarizability dilution,
a condition where the field projects equally onto weak and strong axes. For disks, the force
displays a non-monotonic trend with a minimum at θ = 30◦ and a peak at θ = 90◦, reflecting the
tradeoff between axial and transverse coupling. These trends correlate well with the real part of
the effective polarizability α′, which governs the gradient force, while the imaginary part α′′
modulates the scattering component.

We further demonstrated that the surrounding medium strongly influences optical manipulation
efficiency. In water, the higher refractive index contrast sharpens and intensifies both the PNJ
and PH fields. Additionally, the force magnitude depends on both particle geometry and the
surrounding medium, with spherical nanoparticles exhibiting the strongest momentum transfer
in both air and water, while anisotropic particles show weaker and more spatially distributed
responses. We emphasize that the reported forces correspond to impulsive, non-equilibrium
optical manipulation rather than steady-state trapping.

Beyond the specific findings, this study underscores a key insight for real-world applications:
nanoparticles are rarely perfect spheres and often operate in aqueous environments. The strong
dependence of optical forces on both geometry and orientation highlights the importance of
modeling realistic particle shapes and accounting for medium effects when designing optical
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manipulation strategies. Our results offer theoretical guidance for optimizing nanoparticle control
in biomedical, sensing, and nanofabrication applications, particularly in systems employing
structured optical fields for high precision manipulation. These capabilities are directly relevant
to biosensing, where orientation-sensitive nanoparticles can enhance signal specificity, to drug
delivery, where pulsed structured fields may enable controlled release at the nanoscale, and
to 3D nanoprinting, where geometry and orientation-dependent forces provide a pathway for
assembling anisotropic building blocks with high precision.
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